Eukaryotic cell division requires the mitotic spindle, a microtubule (MT)-based 1 structure which accurately aligns and segregates duplicated chromosomes. The 2 dynamics of spindle formation are determined primarily by correctly localising the MT 3 nucleator, g-Tubulin Ring Complex (g-TuRC) 1-4 , within the cell. A conserved MT-4 associated protein complex, Augmin, recruits g-TuRC to pre-existing spindle MTs, 5 amplifying their number, in an essential cellular phenomenon termed "branched" MT 6 nucleation 5-9 . Here, we purify endogenous, GFP-tagged Augmin and g-TuRC from 7
by methodological constraints relating to purification of functional protein 24 complexes 15, 16 ; Augmin is composed of 8 subunits, while the g-TuRC is a ~2MD 25 protein complex containing multiple copies of at least 5 proteins, including 14 26 molecules of g-Tubulin [1] [2] [3] [4] 17 . In vitro studies generally use proteins that have been 27 individually-or co-expressed and purified in heterologous systems 18, 19 , where folding 28 and post translational modifications crucial to function may not occur. Although 29 purification of protein complexes from autogenous cells can be achieved using 30 affinity-based methods, non-specific binding of contaminating proteins and difficulties 31 in releasing purified proteins from affinity matrices are major problems. 32
We therefore developed an approach to allow the isolation of intact, functional 33
Augmin and g-TuRC, to test the hypothesis that these two complexes are necessary 34 and sufficient for branched MT nucleation. The approach is based on biotinylated, 35 amine-reactive thiol-or photo-cleavable linkers, Sulfo-NHS-SS-Biotin and PC-Biotin-36 NHS (Figure 1a) . Stepwise incubation of the ~12kD camelid anti-GFP nanobody, 37 GFP-TRAP, with either of these linkers resulted in covalent linkage, while 38 subsequent incubation with a Streptavidin Agarose matrix led to stable tri-partite 39 reagents -GFP-TRAP-Sulfo beads and GFP-TRAP-PC beads; where GFP-TRAP is 40 immobilised, but cleavable through the addition of DTT or exposure to UV light, 41 respectively (Figure 1a) . 42
To test these reagents, beads were incubated with bacterially expressed and purified GFP was released from GFP-TRAP-Sulfo and GFP-TRAP-PC beads, respectively, 48 following cleavage (Figure 1c ; Supplementary Figure 1c ). 49
We next sought to determine whether this "cleavable Affinity Purification" (cl-AP) 50 could be used to isolate Augmin and g-TuRC. We have previously shown that 51
Drosophila Augmin can be purified from extracts of early embryos expressing a 52 GFP-tagged variant of the Msd1 subunit 20 . Drosophila embryos have also been used 53 to purify the g-TuRC 2,17 , and flies expressing g-Tubulin-GFP are available 21 . As 54 branched MT nucleation is essential during mitosis, we used embryos arrested in a 55 metaphase-like state through incubation with the proteasomal inhibitor, MG132 22 . 56 Both Msd1-GFP and g-Tubulin-GFP were efficiently immobilised on GFP-TRAP-Sulfo 57 or GFP-TRAP-PC beads and western blotting confirmed that, upon cleaving, Msd1-58 GFP and g-Tubulin-GFP were concentrated in the eluate, with other subunits of the 59 complexes co-eluting (Figure 1c; Supplementary Figure 1d ). To test the purity of the 60 complexes, we subjected MG132-treated control, Msd1-GFP or g-Tubulin-GFP 61 embryo extracts to GFP-TRAP-Sulfo cl-AP followed by gel electrophoresis and 62 SYPRO-ruby staining of eluates (Figure 1d) . Bands corresponding to each subunit 63 of both Augmin and g-TuRC were identified at intensities expected for the known 64 stoichiometric relationships between subunits 17 . One additional set of low intensity 65 bands was seen in all eluates, at ~45kD; almost certainly corresponding to yolk 66 proteins -the most abundant proteins in Drosophila early embryos 23 . 67
Both g-TuRC and Augmin bind MTs in co-sedimentation assays 5, 24-25 . We therefore 68 incubated mitotic Augmin-GFP or g-TuRC-GFP with pure Tubulin, in the presence of 69 GTP and taxol to promote MT polymerisation, sedimenting through a glycerol 70 cushion to separate MTs and MT associated proteins from soluble Tubulin and non-71
Msd1-GFP and g-Tubulin-GFP co-sedimented with MTs, demonstrating purified 73
Augmin and g-TuRC maintain at least some of their cellular properties. 74
To assess the effects of pure Augmin and g-TuRC on MT nucleation and 75 polymerisation, we used a highly-reproducible quantitative assay, where 76 incorporation of a dye into MTs as they polymerise is measured as a change in 77 fluorescence 26 (Cytoskeleton Inc.). Incubation of Tubulin in the presence of GTP and 78 glycerol at 37 o C resulted in its polymerisation over ~1 hour, with sigmoidal dynamics 79 corresponding to lag, nucleation, polymerisation and plateau phases (Figure 2a ). 80
The time at which 50% of polymerisation was achieved (x50) was 31.5mins (+/-0.5 81 mins) (Figure 2b) . Addition of g-TuRC-GFP stimulated MT nucleation, causing a shift 82 in the polymerisation curve and a reduction in the x50 to 16.5 mins (+/-1.2 min) 83 (Figure 2a,b) , confirming its functionality. In contrast, addition of Augmin-GFP had 84 no significant effect on the shape of the polymerisation curve or the x50 (32.5 mins 85 (+/-1.5 min) (Figure 2a,b) . Therefore, although Augmin-GFP binds MTs it does not, 86 in isolation, change MT nucleation/polymerisation dynamics. However, addition of 87 Augmin-GFP dramatically enhanced g-TuRC-dependent nucleation of MTs, further 88 reducing the x50 to 9.5 min (+/-0.45 min) (Figure 2a Importantly, this phenomenon was dependent on whether the complexes were 96 isolated from mitotically arrested (MG132) or untreated, mainly interphase embryos (cycling). g-TuRC purified from cycling embryos was a less efficient nucleator than its 98 mitotic counterpart (Figure 2c ; Supplementary Figure S3 ), while cycling Augmin, like 99 mitotic Augmin, showed no independent activity. However, when incubated together, 100 either mitotic g-TuRC and cycling Augmin or cycling g-TuRC and mitotic Augmin were 101 able to enhance MT nucleation to the same extent as both mitotic complexes 102 To characterise the morphology of MTs generated in the presence of pure Augmin 106 and g-TuRC, we took samples from the in vitro assays at t=15 minutes, fixing and 107 imaging them via fluorescence microscopy. Control samples, or those containing 108 pure Augmin, showed only very few, short MTs per field of view while, as expected, 109 g-TuRC-containing samples possessed many individual MTs (Figure 3a) . In contrast, 110 the MT population nucleated at t=15 simulataneously with g-TuRC and Augmin 111 showed a high density of MTs, with extensive MT bundling and nesting, rather than 112 individual MTs (Figure 3a) . Moreover, consistent with the observation that, in vivo, 113
Augmin is required for g-Tubulin localisation to the mitotic spindle, pure Augmin was 114 able to recruit pure g-TuRC to MTs in vitro, co-localising along the length of MTs in 115 distinct punctae (Supplementary Figure S4) . 116
Finally, we sought to conclusively reconstitute and visualise the branching MT-117
Augmin-g-TuRC-MT junction. To overcome the complex morphology of MTs resulting 118 from the nucleation assay, we generated populations of taxol-stabilised fluorescent 119 MTs in the presence or absence of individual protein complexes, subsequently co-120 incubating them. Co-incubation of HiLyte Fluor 488-MTs ( 488 MTs) with Rhodamine-apparent branching were observed, but at a frequency consistent with random 123 placement of MTs on coverslips (Figure 3b,d) . Similar results were obtained with 124 fluorescent MTs incubated with either Augmin or g-TuRC (Figure 3b,d) . However, 125 when 488 MTs incubated with Augmin were added together with Rhod MTs incubated 126 with g-TuRC, ~60% of g-TuRC-containing Rhod MTs terminated precisely at an 127
Augmin-containing 488 MT (Figure 3b-d) . Although the polarity and angles of the 128 Rhod MTs branches in relation to the "mother" 488 MTs varied far more widely than seen 129 in vivo, presumably due to how the MTs settled on the coverslip during preparation, 130
we found a bias in the angle, similar to that seen in living Drosophila 16 (Figure 3e) . 131
To unequivocally demonstrate the polarity of the MTs, we formed these junctions in 132 the presence of pre-stabilised HiLyte 647-labelled GMPCPP MT seeds, to 133 additionally distinguish the slower-growing MT minus ends. As expected, the polarity 134 of the interaction between g-TuRC-Rhod MTs and Augmin-488 MTs was specific; with 135 only the minus ends of g-TuRC-Rhod MTs precisely terminating at the Augmin-488 MTs 136 lateral surfaces (Figure 3f) . Moreover, the formation of junctions on Augmin-137 containing 488 MTs was length independent -branches were equally distributed at the 138 very distal MT tips, throughout their length and on the GMPCPP seed itself ( Figure  139 buffer. Extracts were clarified through centrifugation at: 17,000 g for 10 min, 100,000 208 g for 10 min, and 100,000 g for a further 30 min. 6xHis-GFP was purified from 209 bacteria expressing pQE80-His-GFP, using standard protocols and HisPur™ Cobalt 210 
SYPRO-Ruby staining (see below) HSS from 1 g of embryos expressing either 215
Msd1-GFP or g-Tubulin-GFP were used, incubated with 50 µL of GFP-TRAP-Sulfo 216 beads. Beads were centrifuged at 2500 g for 2 mins and the depleted supernatant 217 removed and discarded, or used for Western blotting. For cleaving of Sulfo-beads, 218 beads were washed 4 times for 5 mins in BRB80 + 0.1% IGEPAL®, resuspended in 219 25 µL of BRB80 + 0.1% IGEPAL®, prior to addition of 25 µL of 100 mM DTT in 220 BRB80 0.1% IGEPAL® for 5 mins (50mM final concentration). For PC-beads, beads 221 were washed as above, then transferred to a microscope slide with a concave cavity with 25 µL of BRB80 0.1% IGEPAL®. The slide was placed 10cm below a UV lamp 223 (UVP XX-15L (Analytik Jena US)) and exposed for 30 second intervals with gentle 224 mixing between. Eluates were removed using a Gel-Saver II pipette tip (STARLAB). Purified GFP, GFP-Augmin or GFP-g-TuRC were pre-spun at 100,000 g for 15 min at 245 4°C. 10 µL (80 ng) of each was incubated for 15 min at 37°C in General Tubulin 246
Buffer with 2.25 mg/mL of 99% pure porcine tubulin and 1 mM GTP (all from Cytoskeleton Inc.), in a final volume of 50 µL. Taxol (Sigma) was added to 100 µM 248 and samples incubated for a further 10 min at 37°C. A negative control for each 249 sample was run in parallel, where samples were incubated at 4°C and where GTB 250 replaced taxol. Samples were immediately spun through a 150 µL cushion of BRB80 251 40% glycerol at 100,000 g for 45 min at 4°C in a TLA120.1 rotor (Beckmann Assays to assess the effect of pure Augmin and g-TuRC presented in Figure 2A are 267 the summation of 3 individual purifications of each protein complex, undertaken in 268 duplicate wells (6 data points). Assays to assess the difference in polymerization 269 between cycling and MG132 purified Augmin and g-TuRC, presented in Figure 2C 
